The overall goals of this project are to investigate the critical factors that limit commercial scale applications of enzymes in organic solvents, and to scale-up a process for the production of a precursor to a specialty polymer. The overall performance of an i m m o b i i enzyme can be influenced by its intrinsic struclture and by external factors such as water content, support, pH, etc.. We have investigated the interrelation between support morphology and water content, and its effect on overall enzyme performance.
Using a lipase catalyzed i n t e r d c a t i o n reaction as a model, we studied the controlhg fkctors when water content in the organic solvent is such that a micro-aqueous phase is formed. In such an environment it was found that support particle aggregation is the major cause for decline in enzyme activity. We have shown that particle porosity, as well as the use of a particular non-woven fabric as an enzyme support, could alleviate this problem. These findings are being translated into a bioreactor design.
We have also studied two "dry" non-aqueous systems, where a water phase is not formed since the water content is below its solubility in the organic solvent. In one of the systems, Subtilisin catalyzed trans-esterification of vinyl acrylate with a chiral alcohol, we have demonstrated that the use of a proprietary fabric support provides a significant boost in enzyme activity. We suggest that this particular fabric w i t h its hydrophilic fibers acts as a lyoprotectant in the process of drying the enzyme. The benefits of this material as an enzyme support and its use in a lab scale bioreactor are being studied.
Preliminary experiments have also been performed with a second "dry" reaction. This is the lipase catalyzed synthesis of Alliedsignal's new product, VEctomer 4010. The enzymatic synthesis of this product could potentially provide a cleaner route to a better-. performing material. We have so far demonstrated that the product can indeed be made enzymatically in a non-aqueous environment, and that rata codd be improved by adding 3% water and using PEG as a lyoprotectant. Although significant improvement has been achieved in the efficiency of this transesterification reaction, the rate of VEctomer production is still very low from the standpoint of a commercial process. In addition, under the best operating conditions, signitleant quantities of by-products are formed. We will be addressing these problems in the next few rnonihs.
MILESTONE STATUS
The overall goals of this project are to investigate the critical factors that limit commefcial scale applications of enzymes in organic solve.nts, and to scale-up a process for the production of a p m r to specialty polymers. 
Task

Task2
Mass-Transfer (completion in 24 months)
Investigate the mass transfer contributions to the observed kinetics expimentally and theoretically.
Accomplishments: Calculations predict that mass transfer through the organic phase within the particle is not rate limiting, and that at very low water levels, Le. 10-30 mg/g of support,
the initial inter-estenfication step, hydrolysis, is rate limiting. These calculations enabled us to isolate the controling operating Edctors. This task is completed.
Task 3
"Dry" Systems (completion in 30 months)
Study the water dependence in "dry" systems with water content lower than the solubility in solvent. The application of enzymes in non-aqueous environments has been demonstrated for numerous enzymes and substrates. However, in most cases the overall rate and stability of the enzymes are not high enough to sustain a commercial process for production of a nonpharmaceutical product. The performance of the catalyst can be influenced by its intrinsic structure and by external factors such as water content, support, pH, etc.. This project is addressing some of these external factors w i t h the goal of constructing a lab Scale reactor for a production of a specialty monomer. In particular we have studied the enzyme pedormance as a function of the interrelation between support morphology and water content. This study mu1ta-l in the identification of support aggregation as a major cause of reduced enzyme activity, and the elucidation of p r e f e support morphologies that could minimize this problem. W e are also study$g "dry" systems where aggregation is not a factor. In these systems we'are producing specialty monomers. One of the monomers is VECtomer, an Alriedsignal new product which is produced in a lipase catalyzed transesterification reaction conducted in a mixture of the reactants containing no additional solvent. The other monomer, a chiral acrylate derivative, is produced in a dry solvent following the procedure developed by A. Klibanov. In both cases we have progressed significantly in determining the effects of water content, support, and enzyme configuration on overall performance.
Accomplishments
MATERIALS AND EXPEXUMENTALMETHODS
Subtilisin Carlsberg was pvchased from Sigma, and C. Viscosum lipase from Genzyme. Enzyme immobition onto the various supports was accomplished by deposition from a buffered solution. Typically, 5 mg lipase from C. Vucusm was dissolved in 1-2.5 ml of 0.005M potassium phosphate buffer. The volume of the enzyme solution depended on the support's pomsity, less was needed for non-porous supports. The solution was &ea added to 5OOmg of support. In the case of the fabric, the eflzyme solution was pipetted onto a hanging piece of Mric. The mixture was airdried in the refigerator and then lyophilized, to give a dry support with 1% w/w enzyme loading (a different loading was used with sand as the support).
~l l enzymatic reactions were carried out at 4 5 '~. The rate of tripalmitin interesterifcation w i t h stearic acid was monitored by Gas Chromatography, using a RSL-300 fused silica capilky column from Alltech, and a Perkin Elmer 8500 Gas Chromatograph equipped with a flame ionization detector, and PE Nelson 2600 Chromatography Software. All kinetic measmments were conducted with samples containing 4ml of petroleum ether, lOmg of supported lipase, 0.03M bipalmitin, O.08M stearic acid, and 20~1 of tetradecane or pentadecane as an internal standard for the GC analysis. Liquid samples were removed from the reaction mixture and denvathi with N-methyl-N-(trimethylsilyl)-trifluoroacetamide. All triglyceride and diglyceride standards were obtained from Sigma. The rate of stearate inooxporation was calculated as the rate of change of the ratio of stearate moles incorporated into the di-and tri-glycerides, divided by the total moles of stearate and palmitate in the di-and tri-gly&da.
The kinetics of vinyl acrylate transesterification with (R,S)-sec-(2-naphthyl)ethyl alcohol was monitored by Gas chromatography, using a HP 5890 seria 2 GC instrument equipped with a DE1 30 m e r long 0.25mm diameter column and a FID detector. Reaction conditions followed those reported by Margolin et all. Samples contained 0.5 M vinyl acrylate, 0.5 M racemic naphthyl ethanol, and lOmg/ml Subtilisin Carlsberg in 5 ml of tenamyl aI~h0l.
VEctomer 4010 production was monitored by HPIX using a Shodex KF-802 GPC column, and a HP 1090 LC instrumeat equipped with a Diode Array detector. Reaction mixtureS contained DMI dissolved in HBVE in a 1:3 molar ratio, and 40,OOO units/ml of C. viswsum lipase.
RESULTS AND DISCUSSION
A. LOW WATER SYSZBMS: SUPPORT MORPHOLOGY 1 WATER DEPENDENCE
Model Reaction and Rate Measurements
The enzymatic reaction employed in this study was the inter-esterification of tripalmitin with stearic acid in a non-polar solvent, petroleum ether. The catalyst we selected was a rather pure enzyme preparation: a lipase from C. Viicoswn. The enzyme was noncovalently immobilized on various supports by mixing the support with a buffered solution of concentrated enzyme, and drying it in air, followed by lyophilization. The loadig level was 1% by weight unless othewise stated. The inter-esterification kinetics of this enzyme in petroleum ether and its dependence on water concentration was monitored and the initial rates of stearic acid incorpOration into the glycerides was determined as a function of water content.
Although in all cases the overall water content in the reaction mixture did not exceed 0.596, it was enough to form a thin aqueous micro-phase on the enzyme support. A typical plot of the data, obtained with Celite 560 as a support, is shown in figure 1.
Porous Vs. Non-Porous Particles
In order to identify the relative contributions of inter-particle and intra-particle mass transfer to the kinetic behavior, we have studied a broad range of supports. In the past we looked at celite particles with varying pore volume and found that all these porous particles gave similar warn dependence curves with a wide maximum (figure 2). These curves produced a linear dependence of the water content at maximum initial xate on the pore volume (figure 3). The Maximal rate in each case was observed when half of the pore volume was filled with water. Kinetic modeling calculations showed that in the absence of water or at very low water levels, the hydrolysis step, rather than the intra-particle mass transfer of substrate to enzyme, is rate limiting. However, 8s the water phase increases in thickness, the experimental results indicate a significant contribution from intra-particle mass transfer limitations due to water plugging the pores. Thus porosity seems to stretch the optimaI performance range.
Although a goad correlation with porosity has been observed, the results do not provide clear information about inter-particle effects, such as aggregation of the particles due to higher water phase thicknesses. To separate out possible effects other than porosity, we studied the performance of the lipase immobilized on non-porous particulate supports. We tested two fully dense particles with d i f f m t size, sand and lp monodisperse silica microspheres Ii pruduced at AlliedSignal. The amount of support used in these experiments was selected so that it will provide the same surface area as the porous celite 560. All other parameters including the enzyme content have been kept the same. This was done to preclude swface area effects in the comparison between the porous and non-porous particles. The initial rates vs water content for these two supports are shown in figure 4. In both cases the observed interesterification rate reaches its maximum and drops abruptly. At the onset of the rate drop or immediately past it, particle aggregation was observed. It is clear i k m the results that the non-porous particles do not provide a useful range for the enzyme optimal performance. The experiment also demonstrates that the inter-particle aggregation is by far the major factor modulating the watez effects on the initial reaction rate. The aggregation increases the dimensions of the water phase and slows down the diffusion of water insoluble substrates to the enzyme in the aqueous phase.
Non-Woven Fabric Swpports
The previous results demonstrate the role of aggregation in slowing down the enzymatic reaction, and suggest one way of partially alleviating this problem, namely to use very porous supports. The surfaces within the particle cannot aggregate and thus provide a broader workable range of water levels. However, this solution does not prevent aggregation of the particles themselves. We have tested another support design that could provide a different solution. We selected non-woven fabrics as supports in which the fibers are physically held in place and cannot aggregate. In particular we have tested an AlliedSignal proprietary nonwoven fabric which contains a mixture of hydrophilic and hydrophobic fibers. Pieces of the fabric were impregnated with an enzyme solution, air dried and then lyophilized. Kinetics of hter-estdfication were monitored under the same conditions, and with the same absolute enzyme and water concentrations as in the particulate supports case. The results are shown in figure 4. Also shown are preliminary rate measurements obtained with Bounty paper towel as a support for comparison.
The high inter-esterification rates and wideness of the maximal activity range obsemed for the mixed polarity fabric is consistent with the lack of aggregation and thus supports this concept. The hydrophobic fibers provide channels for the organic solvent at higher water levels than is possible with porous particles. The preliminary paper towel results suggest that the positive effect is common to other non-woven fabric stnrctures. In addition to the wide maximum observed with the mixed polar Eabric, there is an a p p m t large overall rate increase by a factor of four as compared to celite 560. A slightly more modest increase was also observed for the Subtilisin system presented next. The soufce of this effect will be discussed later in the text.
These results are very encouraging and provide a foundation for a bioreactor design.
In the next year we will look closer into these fabrics as enzyme supports in organic solvents and use the result to construct a bioreactor.
h Suspended Enzyme
As an additional support for our conclusions we have run the reaction with free suspended ripaSe and monitored progress at the same watdenzyme ratios as in the immobilized enzyme experiments. Even at the lowest water concentrations we observed the aggregation of the enzyme. Accordingly no significant inter+s&ification has been detected.
B. DRY SYSTEMS
We ref& to an enzymefsolvent system as "dry", if it has no added water, or its water content is below its solubility in the solvent. Under such conditions one does not expect the water to form a separate phase. We have begun studies on two different dry systems: synthesis of a chiral acrylate monomer, and synthesis of VEctomer 4010. The goal is to apply the knowledge we obtained on the relationship between support morphology and water dependence to the synthesis of monomers with commercial potentid.
ChiFal Acrylate Monomer
This reaction system has been reported by A. Klibanov'. It involves the transesterification of vinyl acrylate with (R,S)-sec-(2-naphthyl)ethyl alcohol catalyzed by Subtilisin carlsberg in te?mmyl-dcohol as a solvent. Only the S ester is produced. The chiral acrylate can then be polymerized to form chiral polymers. Other chiral alcohols might later be used to produce commercially viable polymer products. We have demonstrated that an enzyme support has a major influence on enzyme performance in wet systems, where an aqueous micro-phase is present. As the transeskdication reaction is conducted in a dry solvent, one does not expect the supports to exhibit the same performance trends. In this situation one expects the enzyme to pedorm the same as long as it is sufficiently dispersed. We examined this hypothesis w i t h our porous, non-porwls and fabric supports. Figwe 6 shows the reaction progress for the immobilized as w e l l as the ft?ee enzyme. In order to keep the absolute amount of enzyme the same as in the free suspended enzyme case, we used a very high loading of enzyme onto the supports. This might explain the reduced performance observed with the celite and silica mimspheres as compared to the free enzyme. The extra enzyme solids probably formed a layer too thick for efiticient mass transfer. This effect should be more apparent with the porous celite since the ex-solids may clog some of the pores and cut access to a large mount of enzyme. Indeed the free enzyme provides better conversion rates than both celite and the silica mimspheres. The porous celite exhibits the poorest performance. However, the enzyme immobilized on our proprietary fabric performs significantly better than the free enzyme (by a factor of two). The same large activity increase has been observed also with the wet inter-esterification system in addition to the mass transfer improvements. We suspect that this particular fabric with its hydrophilic fibers acts as a lyoprotechtan? in the process of drying the enzyme. Another explanation might be that the hydrophilic fibers provide better, more uniform, partitioning of the water on the support, and making it available to all the enzyme. This extra benefit of the mixed polarity non-woven support will be further investigated.
VEctomer 4010
VEctomer 4010 is a new Alliedsignal monomer in a commercialization stage. The current synthesis of VEctomer 4010 involves a catalyzed trans-esterification reaction of dimethyl isophthalate @MI) with excess hydroxybutylvinyl ether (HBVE).
HBVE uqu#
Mfitomer 4010
Unreacted excess H8vE is removed by distillation, but catalyst residues remain behind in the 4010 product. These residues affect the polymerization step, resulting in a decrease in performance as well as inconsistent product quality. The degree of ConveTSion to VEctomer 4010 was found to depend on water content and on lyophilization conditions. Figure 7 depicts the reaction progress at various water Concentrations. All water levels were below the solubility in the reaction mixture. The resuits demonstrate that water enhances the rate of conversion, with 3% being the optimal concentration. At higher water levels, the rate of DMI disappearance increases, but the rate of VEctomer formation decreases. The higher water concentrations also enhance the formation of by-products.
Additional improvements in the reaction rate were achieved by optimiziig the lyophilization step. Two factors were examined: pH of the enzyme solution being lyophilized, and addition of polyethyleneglycol (PEG) as a lyoprotectant. The dependence of the reaction components' concentrations after 24 hours on pH is plotted in figure 8 . The best conversions wefe obtained at pH 7.5. Dabulis et al*reported improvement in non-aqueous enzymatic activity when the enzyme was lyophilized from a solution containing lyoprotectants such as polyethyleneglycol. We have tested the effect of two PEG (MW 3400) concentrations on the enzyme performance, and the results are shown in figure 9 . The difference between the effects of the two concentrations is negligible, however, when compared to the lyophibtion in the absence of PEG, significant rate enhancement is observed (figure 10).
Although significant improvement has been achieved in the efficiency of this transesterifcation reaction, the rate of VEctomer production is still very low from the standpoint of a commercial process. In addition, under the best operating conditions, significant quantities of by-products are formed. We will be addressing these problems in the next few months. Dependence of tripaimitin inter-es&dication rates on water content. 
